We demonstrate pulse-echo mode terahertz (THz) reflectance tomography, where scattered THz waveforms are measured using a high-resolution asynchronous-optical-sampling THz time domain spectroscopy (AOS THz-TDS) technique, and 3-D tomographic reconstruction is accomplished using a compressed sensing approach. One of the main advantages of the proposed system is a significant reduction of acquisition time without sacrificing the reconstruction quality, thanks to the sufficient incoherency in the pulse-echo modesensing matrix and the fast sampling scheme in AOS THz-TDS.
In classical terahertz (THz) imaging (T-ray imaging) techniques, the THz beam is brought to an intermediate focus, and imaging targets are inserted into the region where the THz beam is collimated. By translating the object, a tomographic image can be built, voxel by voxel. This THz tomographic imaging approach requires extensive scan time. Hence, several alternative methods have been proposed, including T-ray reflectance imaging [1] and diffraction and/or computed tomography [2] .
Recently, Chan et al. proposed a compressed sensing THz imaging [3] . According to compressed sensing theory, accurate reconstruction is possible even from sampling rates dramatically smaller than the Nyquist sampling limit, as long as the nonzero spectral signal is sparse and the samples are obtained with an incoherent basis [4] . Specifically, random mask patterns are generated on a Fourier plane and a single fixed THz detector measures the transmitted THz wave intensities [3] . However, the approach is not yet tomographic.
Here, we demonstrate a "pulse-echo" mode T-ray tomography, where a transmit antenna transmits a THz pulse and the receiver antenna on the same side measures the THz waveforms [see Fig. 1(a) ]. Thanks to sufficient incoherency of the sensing matrix, the acquisition time can be significantly reduced without sacrificing its resolution if the image targets are sparsely distributed or compressible [4] . Furthermore, an asynchronous optical sampling THz-time domain spectroscopy (TDS) technique [5] can replace the mechanical delay stage with optical sampling using two phase locked lasers, further accelerating the acquisition of accurate waveform measurements [5] .
If the polarization effects can be negligible, the THz wave can be approximately described using a scalar wave equation [2] . Then, under the Born approximation, the scattered field at r from an isotropic transmitter located at r s with a power spectrum S͑k͒ can be represented as
where k = / c is the wave number, and c denote the angular frequency and speed of light in the medium, and
denotes the Green's function in free space, respectively. For the case of scatterers composed of a single type of material, the reflectance variation of targets distributed on an unknown location can be represented as f͑r ; k͒ = n͑k͒͑r͒, where n͑k͒ is the reflectance on wavenumber k and ͑r͒ denotes the spatial distribution. Hence, the final form of the scattering measurement is given by y͑r,r s ;k͒ ͑r,r s ;k͒
͑3͒
Note that Eq. (3) can be equivalently represented in 
where y͑r ; t͒ = ͐y͑r ; k͒e −jkt dk denotes the inverse Fourier transform, t denotes the normalized time with respect to the speed of light such that t= ct, and ␦͑ · ͒ denotes the Kronecker delta function. Considering Eqs. (3) and (4), we can expect that the incorrect estimate of the reflectance spectrum n͑k͒ degrades the resolution. Now, let ͕͑r n , r n s ͖͒ n=1 N denote the transmit/receiver antenna positions, and ͕r p Ј͖ p=1 P gives the voxel positions within the field of view (FOV), respectively; ͕t l ͖ l=1 L is the sampling index of the THz waveform. Note that t L denotes the maximum travel distance from a transmitter to a target to a receive antenna; hence, it determines the FOV. Then Eq. (4) can be represented in the following matrix equation:
where
T , and V denotes the voxel volume, respectively; and G ͑n͒ is given by
which usually has very sparse nonzero elements. The sparsity of the matrix can be efficiently exploited to save memory and computational burden. Stacking together the measurement vector at every transmit/receive antenna position, we have
where y = ͓y ͑1͒T ,¯, y ͑N͒T ͔ T R NLϫ1 and G = ͓G ͑1͒T , , G ͑N͒T ͔ T R NLϫP , respectively. Under the assumption that the support of the targets is sparse, the pulse-echo mode T-ray tomography problem can then be reformulated as ͑P0͒: minʈfʈ 0 , subject to y = Gf, ͑8͒
where ʈfʈ 0 denotes the number of nonzero elements of f. However, (P0) is a combinatorial optimization problem; thus, convex relaxation using l 1 minimization or a greedy method has been extensively investigated, stating that a bound for the maximum number of recoverable targets is given by
where ͑G͒ denotes the so called mutual coherence [6] . Note that smaller mutual coherence implies that significant acceleration is possible during acquisition. 
͑10͒
where the index set N pq is given by
͑11͒
Note that the index N pq denotes the transmit/receive antenna indices whose center position is located at an equidistance plane perpendicular to the connecting line between r p Ј and r q Ј, as illustrated in Fig. 1(b) .
Therefore, if we choose THz transmit/receive antenna scan positions so that no more than two center positions are collinear, the cardinality of the set N is 2. In particular, for the far-field targets, this implies that ͑G͒Ӎ2/N Ӷ 1, since the distances from the transmit or receive antenna to each voxel are approximately the same. According to Eq. (9), this results in a significant acceleration in data acquisition if the target is sparse. The pulse-echo mode THz tomography is experimentally demonstrated by using an asynchronousoptical-sampling THz TDS (AOS THz-TDS) [7] . The experimental configuration is illustrated in Fig. 2 . We employed a dual-laser system comprising the two femtosecond lasers with repetition frequencies approximately 100 MHz pumped by a diode-pumped solid-state laser at 532 nm wavelength. Two lowtemperature-grown GaAs photoconductive antennas are used for emission and detection of the pulsed THz wave. The sampling period was 100 fs. A pump beam is incident on the biased THz emitter to generate a pulsed THz wave, which is collimated and focused by two off-axis parabolic mirrors. To make the THz illumination isotropic, a circular aperture of 9 mm radius was inserted 10 cm away from the focal plane of transmitter's parabolic mirror. The scattered wave from the sample is collimated and focused on the THz detector by two additional off-axis parabolic mirrors. An additional aperture of 9 mm was positioned in front of the detector side parabolic mirror to acquire the scattered field at a specific position. The proposed setup with two pinhole apertures is to emulate the ideal pulse-echo mode acquisition system in Fig. 1(a) that uses an isotropic transmit/receive antenna pair.
The x -y stage translates the samples along ͓−0.9 cm, 0.9 cm͔ ϫ ͓−0.8 cm, 0.8 cm͔. The reconstruction FOV was ͓−1.25 cm, 1.25 cm͔ ϫ ͓−1.25 cm, 1.25 cm͔ ϫ ͓−1.05 cm, 1.05 cm͔ with a voxel size of 1 mm. Thanks to the optical sampling, the waveform acquisition time for each spatial sampling position is at most 10 s after 100 times averaging. In this experiment, a K-shaped target of 1.5 cmϫ 1.6 cm [see Fig. 3(a) ] was used. As shown in Fig. 3(b) , our setup allows measurement of the scattering field from a sparse target at each scanner position, thereby maximizing the incoherence. Figures 4(a) and 4(b) present the simulation results using only 18 measurements at a signal-to-noise ratio of 5 dB, whereas Figs. 4(c) and 4(d) use 72 real-data measurements collected at random translation stage positions. In the real experiment, owing to the nonideal isotropic transmit/ receive antenna and high level of noise in reflection mode measurement, we required more measurement, and the improvement was not as dramatic as in simulation; however, the proposed method still clearly reveals the structure in much finer detail.
In conclusion, owing to the sufficient incoherency of the pulse-echo mode-sensing matrix, the acquisition process was significantly accelerated using compressed sensing theory. Furthermore, AOS THz-TDS allowed fast and accurate waveform measurement, enabling significant acceleration for tomographic reconstruction. 
